Serratia marcescens (11 of 12 strains) demonstrated an ability to grow in certain chlorhexidine-based disinfecting solutions recommended for rigid gas-permeable contact lenses. For a representative strain, cells that were grown in nutrient-rich medium, washed, and inoculated into disinfecting solution went into a nonrecoverable phase within 24 h. However, after 4 days, cells that had the ability to grow in the disinfectant (doubling time, g = 5.7 h) emerged. Solutions supporting growth of S. marcescens were filter sterilized. These solutions, even after removal of the cells, showed bactericidal activity against Pseudomonas aeruginosa and a biphasic survival curve when rechallenged with S. marcescens. Adaptation to chlorhexidine by S. marcescens was not observed in solutions formulated with borate ions. For chlorhexidine-adapted cells, the MIC of chlorhexidine in saline was eightfold higher than that for unadapted cells. Cells adapted to chlorhexidine showed alterations in the proteins of the outer membrane and increased adherence to polyethylene. Cells adapted to chlorhexidine persisted or grew in several other contact lens solutions with different antimicrobial agents, including benzalkonium chloride.
A number of investigators have reported that various contact lens solutions, particularly certain formulations with chlorhexidine digluconate, a bisbiguanide (1,6-dichlorophenyldiguanido hexane), are susceptible to contamination by Serratia marcescens (1, 8, 19, 22) . The inability of these contact lens solutions to kill S. marcescens is of particular concern because of the association of contaminated solutions with ocular infections (19, 22) .
Chlorhexidine digluconate has been reported to have an MIC of 0.003% for S. marcescens, and at a concentration of 0.05%, chlorhexidine digluconate has been reported to reduce the population of S. marcescens by greater than 99.999% within 10 min (7) . Formulations containing 0.05% chlorhexidine are commonly used as skin disinfectants. However, because of ocular toxicity near these concentrations and binding of chlorhexidine to certain contact lens polymers, contact lens solutions are formulated with 0.005 to 0.006% concentrations of the chlorhexidine gluconate salt. The U.S. Food and Drug Administration guidelines for determining the efficacy of chemical disinfection suggest the use of a U.S. Pharmacopia-type multi-item microbial challenge test (26) . Briefly, the test recommends inoculation of 20 lenses each with 2 x 106 cells in proteinaceous materials (to mimic eye secretions), and after 3 to 10 min of contact between the lens and the microorganism, application of the disinfection solution as directed for patient use. The disinfection solution passes the test if it renders all lenses negative for microorganisms. The guidance document recommends the use of S. marcescens as one of the challenge organisms. The use of decimal reduction times or D values is also recommended in the document for measurement of disinfection efficacies of contact lens solutions. The D value is defined as the time required to reduce the population of viable microorganisms by 90% i.e., 10-fold. Lowe et al. (17) * Corresponding author.
have recommended that D values be used in a formula (P = minimum recommended disinfection time/D value) to compare efficacies of contact lens solutions.
At sublethal concentrations, chlorhexidine induces changes in cell permeability that cause leakage of K+, 260-nm light-absorbing material, and pentoses (15) . At concentrations of chlorhexidine higher than that which causes maximum leakage, no leakage is detected but the cytoplasm is precipitated (6, 16) . At physiologic pH, chlorhexidine exists as a cation which probably exerts its bactericidal effect by combining with the negatively charged protein molecules in the cell wall and cell membrane, altering osmotic equilibrium and perhaps the protein configuration itself (4, 11) . Russell and Furr (24) examined the activity of chlorhexidine and benzalkonium chloride against wild-type, outer membrane protein (OMP)-deficient, and lipopolysaccharide-deficient strains of Escherichia coli. Chlorhexidine was equally effective against all types of strains, indicating a common mode of action in both wild-type and mutant strains. A chlorhexidine-sensitive strain of Providencia stuartii showed greater inner membrane damage and a more rapid decrease in cell electrophoretic mobility than a resistant strain (9) . The disparity in sensitivity between the two strains was attributed to changes in the outer membrane which could prevent drug penetration to its presumed target, i.e., the inner membrane. This study investigated the physiological changes that permit S. marcescens to survive in chlorhexidine-containing contact lens solutions. Table 2 ). Chlorhexidine digluconate (Sigma Chemical Co., St. Louis, Mo.), at 0.005% in normal saline and in boric acid (0.2 M)-borax (0.05 M) buffer (pH 7.2) was used as a control solution with adapted and nonadapted cells of strain GSU 86-828. The MIC of chlorhexidine digluconate for GSU 86-828 in TSB (one-half strength) was determined with a standard microtiter system. Both adapted and nonadapted cells were inoculated in TSB as positive controls, and TSB alone was used as a negative control. The microtiter plates were incubated at 37°C for 24 h and then incubated at 25°C for 7 days. The MIC was the maximum dilution of chlorhexidine that showed inhibition of growth at 7 days.
MATERIALS AND METHODS

Cultures
OMPs. The OMPs of cells of S. marcescens GSU 86-828 (unadapted and adapted) were examined with procedures modified from those of Manning et al. (18) and Hancock and Nikaido (12) . A loopful of cells from a stock culture grown on Trypticase soy agar was inoculated into 15 ml of TSB, which was incubated with periodic agitation for 5 h at 37°C. This culture was transferred to 1 liter of TSB contained in a 2-liter flask. The cells were grown at 37°C with shaking for 16 h. For adapted cells, chlorhexidine digluconate at a subinhibitory concentration of 0.0025% was included in the medium. The culture was cooled in an ice bath for 30 min and harvested in a centrifuge (IEC B-20A rotor) at 6,000 x g for 6 min. The cells were then suspended in 80 ml of ice-cold 10 mM sodium phosphate buffer (pH 7.0). 2-Mercaptoethanol (final concentration, 0.14 M) was added to the cells in the ice bath, and the cells were ruptured by three 30-s pulses of sonication (60 MHz; W140 Sonifier Cell Disrupter, Heat Systems-Ultrasonics, Inc., Plainview, N.Y.). This preparation was centrifuged at 8,000 x g and 4°C for 20 min. The supernatant containing the cell membranes was centrifuged at 100,000 x g (Beckman 35 Ti rotor) and 4°C for 40 min. The pelleted membranes were suspended in 20 ml of cold phosphate buffer, washed twice by centrifugation at 100,000 x g, and stored in phosphate buffer (4 to 5 ml) at -80°C. The protein concentration (10 to 12 mg of protein per ml) was determined from the absorbancies at two different wavelengths by the following formula: [ Fig. 1 . The cell population at day 10 was greater than the inoculum, which indicated logarithmic growth (g = 5.7 h). These cells, adapted to solution A, showed no decrease in density when reintroduced to solution A and showed continued growth. In all solutions in which cell densities increased (solutions A, B, and F), viable S. marcescens organisms persisted in the original containers over the entire time course (1 to 3 years, depending on the solution) of this study. r longer periods in days postinoculation but after 10 days both types of cells analyses indicated were recovered at >103 CFU/ml. These cells, now adapted polyquaternium-1 to the PQ-C solution when inoculated into the same sterile solution, showed no decline in cell numbers. Solution G, also containing polyquaternium-1 but in a borate buffer system (PQ-B), eliminated both solution A-adapted and PQ-C-adapted and unadapted cells. Solution A-adapted cells had a D value 18-fold lower than that of PQ-C-adapted cells and 10-fold lower than that of unadapted cells (Table 3 ).
/______ .
Changes in OMPs. Densitometric scanning of sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels of 5.7h OMPs showed that the 21-kDa protein was about four times g= 5.7h more concentrated in adapted cells than in unadapted cells of GSU 86-828 (Fig. 2) 
